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Scanning tunneling spectroscopy study of c-axis proximity effect in epitaxial bilayer
manganite/cuprate thin films
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Recent experimental studies have indicated novel superconducting proximity effects in
thin-film heterostructures comprising ferromagnetic manganites and superconducting cuprates.
To look for such effects microscopically, we performed scanning tunneling spectroscopy on
La2/3Ca1/3MnO3/YBa2Cu3O7−δ (LCMO/YBCO) bilayer thin films. c-axis oriented films of varying
thickness were grown on SrTiO3 substrates using pulsed laser-ablated deposition. Heteroepitaxiality
of the films was confirmed by cross-sectional transmission electron microscopy. Tunneling spectra
were measured at 4.2 K, and analyzed for signatures of a pairing gap on the LCMO layer. For
bilayer samples with LCMO thickness down to 5nm, asymmetric conductance spectra characteristic
of single-layer LCMO films were observed, showing no clear gap structures. These observations
are consistent with a very short-range proximity effect involving spin-singlet pairs, and difficult to
reconcile with longer-range proximity scenarios involving spin-triplet pairs.
PACS numbers: 74.45.+c, 74.78.Fk, 74.50.+r
I. INTRODUCTION
It is well known that ferromagnetism competes with
spin-singlet superconductivity by favoring parallel align-
ment of electron spins. In ferromagnet/superconductor
(F/S) heterostructures, this competition gives rise to a
variety of phenomena, such as a strong suppression of
the superconducting proximity effect (PE) and the so-
called pi-state, where the superconducting order param-
eter penetrates into the ferromagnet with a spatially-
modulated phase.1,2 There has also been experimental
evidence for spin-triplet superconductivity occurring in
thin-film heterostructures made of a half-metallic ferro-
magnet and an s-wave superconductor.3 Recent advances
in thin-film growth of complex oxides have allowed such
phenomena to be studied using the nearly half-metallic
La2/3Ca1/3MnO3 (LCMO) and the d-wave supercon-
ductor YBa2Cu3O7−δ (YBCO). Epitaxial thin-film het-
erostructures of these lattice-compatible perovskites have
shown several novel effects. Of particular interest is the
dependence of the superconducting critical temperature
Tc on the LCMO layer thickness in LCMO/YBCO super-
lattices, showing rapid enhancement of Tc below thick-
nesses that are substantially longer than the estimated
PE depth.4–6 Similarly long length scales were also seen
for the proximity-induced metal-to-insulator transition in
LCMO/YBCO superlattices.7 One proposed explanation
for these effects is an anomalously long-ranged PE as-
sociated with spin-triplet pair formation in LCMO.8–12
Unlike spin-singlet pairs, spin-triplet pairs are not eas-
ily broken by an exchange field, and can thus pene-
trate deep into the ferromagnet1. Other experiments
have indicated significant orbital reconstruction at the
LCMO/YBCO interface13 and nontrivial magnetic mod-
ulations in superlattices14, mechanisms that could also
facilitate long-range superconducting PE in LCMO.
The superconducting PE in bilayer thin films can be
directly probed with scanning tunneling spectroscopy
(STS), by measuring the tunneling density of states
(DOS) at known distances from the bilayer interface. A
proximity-induced gap in the DOS spectrum would be a
signature of Cooper-pair formation and provide a mea-
sure of the pairing amplitude.15 Previous studies have
used STS to probe the PE of either a conventional or
cuprate superconductor on a normal metal.16,17 For F/S
bilayers, STS has also been used to observe proximity-
induced gap spectra on the surface of CuNi/Nb and
SrRuO3/YBCO thin films.
18–20 Since it is a local probe,
STS is more immune to large-scale sample inhomo-
geneities that can affect bulk resistivity measurements,
while being more sensitive to spatial variations in the
quasiparticle DOS.
In this paper, we present STS measurements at 4.2
K on epitaxially-grown LCMO/YBCO bilayer thin films
as a function of the LCMO layer thickness. Tunneling
conductance spectra taken on LCMO/YBCO films with
the LCMO layer thicker than 10 nm are similar to spectra
taken on single-layer LCMO films, showing a V -shaped
profile with no clear gap structure. Bilayer films with
the LCMO layer ∼ 5 nm thick show similar spectra with
some variation versus tip position, but also no signature
of a proximity-induced gap. Our results indicate that the
superconducting order parameter in the LCMO layer is
suppressed well within ∼ 5 nm from the LCMO/YBCO
interface, implying a very short-range PE consistent with
predominantly spin-singlet pairing.
II. EXPERIMENT
The LCMO/YBCO films used in our experiment were
grown by pulsed laser-ablated deposition (PLD) on (001)-
2STO
YBCO
LCMO
10 nm
(a)
(b)
YBCO
LCMO
c
2 nm
FIG. 1: (a) Transmission electron microscope cross-sectional
image of a c-axis oriented bilayer film with 10 nm of LCMO
and 20 nm of YBCO grown on an STO substrate. The
LCMO/YBCO interface is smooth over ∼ 100 nm and het-
eroepitaxial, as shown in the atomically resolved image (b).
oriented SrTiO3 (STO) substrates. We used a 248 nm ex-
cimer laser, pulsed at 2-5 Hz, producing ∼2 J/cm2 laser
fluence on the target. A layer of YBCO was first de-
posited on STO at 760◦C in 250 mTorr O2, followed by
in-situ deposition of LCMO at 760◦C in 500 mTorr O2.
We grew various films ranging in LCMO thickness from 5
to 20 nm and YBCO thickness from 20 to 40 nm. All the
films were confirmed to be superconducting by resistivity
measurements, showing Tc ≈ 84 and 89 K for films with
LCMO thickness ≈ 5 and 10 nm, respectively.
The microstructure of our LCMO/YBCO films
was characterized by transmission electron microscopy
(TEM). Samples were prepared for cross-sectional imag-
ing by mechanical polishing and dimpling prior to ion
milling to electron transparency. TEM observations were
carried out with a FEI Titan 80-300 (without an aber-
ration corrector of the probe forming lens) in scanning
mode using the high-angle annular angle dark field imag-
ing method, which is sensitive to the atomic number con-
trast. Figure 1 shows the cross-sectional TEM image of
a LCMO/YBCO film, clearly indicating heteroepitaxial
growth with unit-cell interfacial roughnesses over a range
of ∼ 100 nm. The roughness of the top surface is ∼ 3 nm.
Similar TEM images were seen on other LCMO/YBCO
samples, attesting to the overall heteroepitaxiality of our
PLD process, and providing strong evidence that our STS
spectra were obtained on sufficiently smooth regions with
good structural order.
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FIG. 2: (Color online) Normalized conductance spectra mea-
sured on LCMO/YBCO bilayers with 10-nm-thick (blue solid
curve) and 20-nm-thick (red dashed curve) LCMO, respec-
tively. These spectra are similar to those measured on a
single-layer LCMO film (left inset), but different from the
features seen on a single-layer of YBCO grown under similar
conditions (right inset, from Ref. 21). Top inset: experimen-
tal setup with the STM tip above a bilayer thin-film sample.
Our STS measurements were made with a home-
built scanning tunneling microscope (STM) operating
in ∼ 1 mTorr of 4He exchange gas at 4.2 K. The
LCMO/YBCO films were loaded into the STM immedi-
ately after growth, in order to minimize surface contam-
ination. Pt-Ir tips were used and the typical junction
impedance was ∼10 GΩ. STS data were taken by sus-
pending the STM feedback to fix the tip-sample distance
and then measuring the tunneling current I versus the
bias voltage V between sample and tip. Fifty I-V curves
were averaged at each tip location and then numerically
differentiated to yield the conductance dI/dV spectra.
To ensure reproducibility of data, we obtained spectra at
multiple locations over a scan range of 0.5 x 0.5 µm2 on
each sample, and measured several samples for each layer
thickness.
III. RESULTS AND DISCUSSION
First we present STS data measured on LCMO/YBCO
films with the thickest LCMO layers. The main plot of
Figure 2 shows the dI/dV spectra for two films, one with
10 nm and the other with 20 nm of LCMO deposited over
20 nm of YBCO. These plotted spectra have been nor-
malized by their values at 50 mV. These spectra have a
characteristic ’V’ shape with some asymmetry, and sub-
stantial conductance at zero bias, indicating finite DOS
at the Fermi level. A clear gap structure is not seen, and
the spectra are different from those measured on a single
layer of superconducting YBCO grown under similar con-
ditions by our group.21 These bilayer data are also quali-
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FIG. 3: (Color online) Spectral variation as a function of
tip position measured on a LCMO/YBCO bilayer film with
LCMO thickness of 5 nm. (a) dI/dV spectra measured in
steps of 15 nm along a height gradient on the surface, start-
ing at a high position (1) and ending at a low position (6).
Spectra are offset vertically for clarity. (b) I-V curves for the
characteristically metallic (1) and insulating (6) spectra. (c)
Relative height of the surface measured using a topographic
scan, with markers indicating the positions of the spectra
measured in (a). (d) Topographic image (1 V bias, 100 pA
current) showing terraces with heights corresponding to an
LCMO unit cell, with the measurement path indicated by a
red line.
tatively similar to data taken on single-layer LCMO films,
as shown in the inset for a 60nm LCMO film deposited
on STO substrate. Similar V-shaped spectra have been
seen in other transition-metal oxides, and appear to be
characteristic of strongly-correlated oxide materials.22,23
It is worth noting that in the case of the PE between Au
and (001) YBCO films studied in Ref. 17, the proximity-
induced superconducting gap decreases exponentially as
a function of the distance from a-axis facets at crystallite
edges. In our experiments on films with 10-20 nm thick
LCMO layers, we found no significant spectral variation
with tip position, including near crystallite edges or over
flat regions. For all the spectra shown in Figure 2, no
clear signatures of superconducting PE can be discerned
within the characteristic V-shaped profile. These obser-
vations are consistent with strong suppression of the PE
in the LCMO layer.
Next we present STS data for LCMO/YBCO films
with thinner LCMO layers, and discuss the observed
spectral dependence on tip position. Figure 3 shows the
dI/dV spectra for a bilayer film with 5 nm of LCMO de-
posited over 40 nm of YBCO. These spectra, shown verti-
cally offset for clarity, were taken along a height gradient
on the film, showing minor spectral variation. As the
tip is scanned from high to low regions, corresponding
to bright and dark regions in the topography, the dI/dV
spectra broaden slightly in shape and the zero-bias con-
ductance diminishes by a factor of 2. We can identify two
distinct types of spectra, i.e. a V-shaped type which is
similar to spectra taken on bilayers with thicker LCMO,
and another type which shows more rounding close to
zero bias. These two types of spectra correspond to lin-
ear and curved I-V characteristics, which could be associ-
ated with metallic and insulating regions respectively, as
were seen by previous STS measurements on single-layer
LCMO films and attributed to electronic phase separa-
tion over nanometer length scales.24,25 In these previous
measurements, the LCMO films appear to become pre-
dominantly metallic well below the Curie temperature
TM ≈ 260 K. However, the electronic phase separation is
also believed to be exacerbated by lattice strain,26 thus
making it more likely to appear in our bilayer films with
very thin LCMO layers. It should be noted that the
LCMO thickness in our films at each tip position could
not be precisely determined, since their surface roughness
was ∼ 3 nm. Nevertheless, the STS characteristics of
our LCMO/YBCO bilayer films with 5 nm of LCMO are
generically similar to data taken on single-layer LCMO
films, consistent with the LCMO layer not being super-
conducting.
Finally, we discuss the implications of our STS data on
the superconducting PE in LCMO/YBCO heterostruc-
tures. For conventional PE between a normal metal (N)
and a spin-singlet superconductor (S), it is generally ac-
cepted that the pair potential penetrates into N within an
exponential decay length ξN which is typically ∼ 100 nm,
while the pair potential is suppressed on the S side within
a superconducting coherence length ξS .
27 For PE be-
tween a ferromagnetic metal (F) and S, it is believed that
the pair-potential penetration is greatly diminished by
the ferromagnetic exchange field, which also suppresses
Andreev reflection at the F/S interface.28 Thus the pair-
potential decay length for a F/S junction should be far
shorter than for an N/S junction. For the F/S case, the
proximity-induced pair potential in F is expected to os-
cillate and decay on a length scale of ξF0 = ~vF /2Eex
and ξF =
√
~D/2Eex in the clean and dirty limits, re-
spectively, where vF is the Fermi velocity, Eex is the
exchange energy, D = vF l/3 is the diffusion coefficient
and l is the mean free path in F.1,29 For LCMO we es-
timate both ξF0 and ξF to be ≈ 0.5 nm, by using vF
= 7.4×107 cm/s (Ref. 30), Eex = 3 eV (Ref. 31) and l
∼ a few unit cells (Ref. 32). These estimates indicate
that proximity-induced superconductivity involving only
spin-singlet pairs should be heavily suppressed in LCMO,
decaying over just a few unit cells.
Our STS results on c-axis LCMO/YBCO bilayer films
are consistent with a short-ranged PE, which produces no
clear gap structures in the DOS spectra down to LCMO
thickness of ∼10 unit cells. This absence of microscopic
evidence for long-ranged PE in our bilayer films suggests
that, in order to explain the very long (∼10-100 nm)
4proximity length scales reported by macroscopic mea-
surements on manganite/cuprate superlattices,4–6 more
unconventional mechanisms would need to be considered.
These could include orbital reconstruction at the man-
ganite/cuprate interface,13 magnetic modulations in the
superlattices,14 and proximity coupling based on odd-
frequency pairing.8,9,33–35 Here, we note that a recent
STS study on a-axis-oriented LCMO/YBCO bilayers also
reported a long proximity length scale.36 It may be help-
ful to examine the role of this a-axis proximity effect in
c-axis superlattice samples in order to clarify the exper-
imental difference between our local probe and the bulk
measurements. Further studies are needed to elucidate
any novel long-ranged physics that could be mediating
the superconducting correlations in manganite/cuprate
superlattices.
IV. CONCLUSION
In summary, we have performed scanning tunneling
spectroscopy at 4.2 K on LCMO/YBCO bilayer thin
films. Samples with LCMO layers 10 nm and thicker
showed V -shaped spectra that are characteristic of single-
layer LCMO films, without clear gap structures as would
be expected for a proximity-induced pair potential. Sam-
ples with LCMO layers down to 5 nm thickness showed
some spectral variation with tip position but also no
signatures of proximity-induced superconductivity. Our
results indicate that the proximity-induced pair poten-
tial in LCMO is suppressed well within 5 nm from the
LCMO/YBCO interface, consistent with a very short-
range F/S proximity effect involving spin-singlet pairs,
and difficult to reconcile with longer-range proximity sce-
narios involving spin-triplet pairing.
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